Abstract-Maintenance of oil pipelines is an issue of great concern for oil companies. Soil contamination is caused by oil leaks from underground pipelines. Ground penetrating radar (GPR) is a rapid and relatively inexpensive technique used for locating and characterizing soil contaminated sites without producing fractures and causing further migration of contaminants. One of the most critical hardware components for the performance of GPR is the antenna system. The present paper reports on the design and simulation of a pyramidal horn antenna operating at L-band frequencies (1-2 GHz) to detect soil contamination. A prototype model of the GPR system setup is developed to simulate the electromagnetic fields in different soil types. The dielectric permittivity of soil, needed in order to carry out simulations during the design process, is measured and analytically represented by Debye relaxation model. The contrast in the dielectric permittivity between contaminated and uncontaminated soils is the most important parameter to be considered for detecting the presence of contamination. The application of GPR is proved to be well-versed in the investigation of soil contamination.
medium and then being collected by the receiver. Both of the transmitter and receiver are being placed in the antenna [6] . The success of GPR in detecting soil contamination depends on the contrast of electrical properties of both the clean and contaminated soil [7] . Consequently, direct measurement of the dielectric properties of the contaminated zone is effective in the assessment of detecting soil contamination [8] - [9] .
Ground-penetrating radar antennas are usually located either near to or in contact with the soil surface. Therefore, the performance of GPR antenna system, such as operational frequency, transmitted power and antenna beamwidth, is directly depending on soil properties. The optimal antenna design must provide steady performance for different soil types and weather conditions. Dry soils are favorable for the GPR application, since higher radio-frequencies can be used for a given depth of investigation [10] . The capability of radar antenna in detecting the contaminant depends on both the required depth of penetration and the frequency of the antenna used [11] . The operating frequency of the GPR system is a trade-off. Low frequencies give better penetration yet low resolution so that soil contamination may not be detected. Contamination may be better detected utilizing higher frequencies yet the depth of penetration may be limited to only a couple of centimeters particularly in moist soil.
The present paper is organized as follows. In "Prototype model and dielectric modeling" section, a prototype soil model is introduced to investigate the effectiveness of GPR technology in detecting soil contamination. The situation incorporates a plastic tube installed in soil and filled with lubricant oil.
Two scenarios are studied, the first is where the soil beneath the pipe is dry sand, and the second one is where the soil beneath the pipe is contaminated with oil due to pipe leaks. On the basis of such a description, two identical wideband pyramidal horn antennas that operate at L-band frequencies are then designed in "GPR antenna design" section to exhibit that microwave sensing is precisely able to discriminate between contaminated and clean soils. "Conclusions" section summarizes our work.
II. PROTOTYPE MODEL AND DIELECTRIC MODELING
The primary objective of this work is to research the potential of using GPR technology in detecting soil contamination caused by leakage that may occur in oil pipelines. To achieve this objective, a prototype model is precisely designed and simulated. The prototype model is essentially consist of a wooden box loaded with sand where a plastic pipe contains oil is incorporated in soil medium. Figure   1 -(a) illustrates the geometry of the designed model and the optimized dimensions, searched for best performance, are listed in Table I . The prototype model for the situation outlined in Fig. 1 needs a dielectric modeling of mediums of interest. Propagation of microwaves in the soil medium is dictated by its dielectric permittivity. Accurate detection of the pollutants in the soil medium can be obtained by effectively measuring its dielectric permittivity [12] . The GPR used is homodyne where the detection is performed by extracting information encoded as modulation of the phase and/or frequency of the oscillating signal, by comparing that signal with a standard oscillation that would be identical to the signal if it carried null information. The utilized frequency modulated homodyne detection signifies a single frequency, in contrast to the dual frequencies employed in heterodyne detection. The radar pulses are used to image the subsurface.
This nondestructive method uses electromagnetic radiation in the L-band of the radio spectrum, and detects the reflected signals from subsurface structures as shown in Fig. 1-(b) .
Different techniques can be used for the measurement of the dielectric permittivity of materials in the microwave range. These techniques include transmission line systems (free-space, coaxial and waveguide), cavity and impedance techniques [13] . To measure the complex dielectric permittivity of soil samples, we have used the Dielectric Assessment Kit (DAK). DAK system performs simple, precise, and convenient dielectric measurements in the microwave frequency range. The experimental setup of DAK measurement system is shown in Fig. 2 . DAK setup consists of a Vector Network Analyzer (VNA), open ended coaxial probe, and computer Software. The DAK probe has an impedance of 50 Ω and it should be calibrated with respect to a consistent short circuit fitted at the probe face and a reference sample of known permittivity. The end of a coaxial line probe is then placed in contact with the soil sample and connected to the VNA to measure the complex reflection coefficient at the probe end. The soil medium surrounding the probe tip should be smooth and homogenous in order to eliminate phase distortions due to cable movements. The measured reflection coefficient is then converted to the complex permittivity of the sample under the test using DAK
Software. The sample volume should be large enough and homogeneous enough to avoid any reflections from the sample's boundary which could influence the measurements.
Fig. 2. DAK measurement system setup
Using the DAK system at room temperature, the complex dielectric permittivity of both clean and contaminated sandy soil samples is measured as a function of frequency. The measured complex permittivity of soil samples is then fitted to the Debye relaxation model [14] - [15] :
where ε s is the static permittivity, ε ∞ is an extrapolated high frequency permittivity, f o is the relaxation frequency, i is the complex number symbol i = √-1, and a'' is an estimated imaginary part representing the sand losses. A curve fitting routine is implemented using MATLAB software to search for the most appropriate values of fitting Debye relaxation parameters. The searching algorithm is based on the least square method. The objective of data fitting is to determine the values of the Debye relaxation model that almost match the measured data. The best Debye fitting parameters are listed in Table II for all measured soil samples. Relaxation models have been widely used by researchers to extrapolate the measured permittivity to higher frequencies. With an appropriate choice of model parameter, relaxation model could be used to predict the dielectric properties over the desired frequency range. At microwave frequencies the value of the dielectric permittivity of a natural dry soil sample is related to its physical component. As a consequence of adding lubricant oil to the sandy soil sample, oil will infiltrate deeply into soil replacing air in pore spaces of the soil sample. The soil characteristics become more similar to characteristics of the lubricant oil hence its chemical and physical properties will alter causing the adjustments in its dielectric permittivity. The experimentally measured values and fitted data of the dielectric constant and the dielectric loss are shown in Fig. 3 for both clean and oil soil contaminated samples. The measurements indicate a noticeable increment in both dielectric constant and dielectric loss factor due to the existence of the lubricant oil. This contrast in dielectric properties will in turn reflect on the Debye model parameters. Clearly, the amount of change in the dielectric properties of contaminated soil samples looks to be significant. In this way, ground penetrating radar (GPR) could be able to sense the contrast between reflected signals of both clean and contaminated soils. GPR equipment requires sufficient signal penetration. The penetration depth δ is the reciprocal of the absorption coefficient α of the medium (α = 2k 0 n'', where k 0 is the vacuum wave number and n'' is the imaginary part of the medium refractive index n = √ε). Using equation (1), δ is computed and plotted over the L-band frequencies as shown in Fig. 4 . We can notice that due to the increase of dielectric loss in the contaminated soil samples, the penetration depth will significantly decrease compared with its value in the clean soil samples. The effective element of any GPR system is the antenna. In order to obtain deep penetration and fine resolution, the GPR antenna should have certain features like high directivity and efficiency, wide bandwidth, and proper impedance matching [16] . The horn antenna is the most useful form of antenna for use with microwave applications because of their advantages. Horn antennas are simple, inexpensive to be manufactured, and they are very easy to interface to waveguide. They also have excellent gain and directivity hence they are the best choice for many GPR applications. Horn antenna is applied in the proposed GPR model due to its good directivity, high gain, low side and back lobes, simple to feed, and high power-handling capabilities. The rectangular horns are preferably suitable for rectangular waveguide feeders. The horn facilities a gradual transition of the electromagnetic wave from the waveguide to the free-space.
For GPR antennas, the higher the frequency the less the signal is able to penetrate into the medium.
However, higher frequency will provide better image resolution. Selecting the optimum GPR frequency is always a trade-off. Here, L-band frequencies are the most appropriate band to obtain the optimum results for the proposed model. A pyramidal horn antenna operating at L-band is designed using Computer Simulation Technology (CST) software program for the soil contamination detection model. The material used for designing the pyramidal horn and the waveguide is assumed to be perfect electric conductor (PEC) with thickness of 2 mm. This guarantees that the microwaves transmitted in the waveguide is appropriately reflected and surface current on the waveguide does not produce much Ohmic loss. Figure 5 depicts the structure of the proposed pyramidal horn antenna. The antenna is associated with a coaxial adapter which provides match between the waveguide and a 50 ohm coaxial to be connected to the vector network analyzer (VNA) where the power flow can be in either direction. The overall optimized dimensions of the designed antenna, obtained utilizing pyramidal horn antennas dimensions mathematical relationships in [17] , are organized in Table III . Figure 6 represents the simulated return loss, |S 11 |, of the designed GPR horn antenna. Figure 6 indicates that the designed horn antenna is operating at L-band frequencies with return loss lower than -17 dB. The obtained results confirm that most of the power will radiate in the free space. The polar farfield radiation pattern of the designed antenna is shown in Fig. 7 at 1 Interestingly, the designed horn antenna provides directive radiation pattern with gain up to 11.4 dB, 14.9 dB, and 17.3 dB at 1 GHz, 1.5 GHz, and 2 GHz respectively; this high gain helps the microwave signals to penetrate the soil deeper beneath the ground surface. Furthermore, the very low side lobe level and the narrow beam width of the antenna diminish the coupling between the transmitting and receiving antennas. This in turn enhances the detection of soil contamination.
IV. RESULTS AND DISCUSSIONS
GPR system utilizes microwave signals to collect subsurface information by detecting the reflected signals of subsurface structures. The receiving antenna detects variations in the reflected return signal when the radiated wave strikes buried objects with different dielectric constants. The prototype landmine detection model illustrated in Fig. 1-(a) In order to accomplish the best performance, the direct coupling ought to be minimized to increase the ability of the GPR to discriminate between the reflected signals of the buried object.
The direct coupling could be controlled by the antennas spacing (S) and tilting (orientation). With the increase of antenna spacing, the direct coupling decreases. However, the received reflected signal of the buried object likewise becomes weaker and vice versa. The optimized antenna spacing is found to be 50 cm at which the direct coupling is minimized and in meanwhile the received reflected signals of the buried object is significantly notable. Figure 8 depicts the direct coupling between the transmitting and receiving antennas over L-band. The capability of the GPR system to detect soil contamination can be measured by the change of the electromagnetic coupling, |S 21 |, between the transmitting and receiving antennas due to the presence of contamination. The coupling coefficient, |S 21 |, is simulated at L-band frequencies. A simulation setup is realistically implemented in the CST Microwave Studio. Two models are presented; the first one is where oil is placed inside the pipe as portrayed in Fig. 1-(a) and surrounded by dry sandy soil while the second one is where the layer of sand underneath the pipe is contaminated due to oil leak.
The coupling coefficient, |S 21 |, for both models is compared in Fig. 9 with the dimensions introduced in Table I . We see that two resonance dips are lower than -12 dB over entire frequency range, which implies that impedance matching bandwidth of the antenna is achieved only at these dips. The results show a significant increase in the coupling coefficient of contaminated soil model compared to uncontaminated soil model. It is additionally observed that for both models, the coupling coefficient decrease with the increase of frequency due to the increase of attenuation of soil with the increment of frequency. Also, three different cases are investigated: the increase of moisture content of soil, the depth at which the pipe is buried, and the change of spacing between the transmitter and receiver antennas. 
A. Effect of soil moisture
The penetration depth of GPR system in soil medium being profiled depends on the operating frequency band as well as the soil conductivity. Applications which require deeper penetration in soil medium requires a lower frequency. Conversely, soil with high electrical conductivity will have lower penetration depth. Highly conductive soil will absorb the energy faster than a lower conductive soil.
Moist soil is more conductive than dry sandy soil as it contains high water content, so penetration is only a couple of centimeters. As a result, dry sandy soils are considered to be highly suited to GPR antennas with low frequency than moist soils. It is anticipated, from the previous sub-section, that a significant contrast exists in the reflected signal of both contaminated and uncontaminated sandy soil.
By replacing the dry sandy soil with moist sandy soil with dielectric constant of 13 and dielectric loss tangent of 0.29 [18] , we notice that this contrast becomes insignificant as shown in Fig. 10 .
Presumably, It can be seen that |S 21 | of moist soil is more reduced than that of dry soil since moist soil has high electric conductivity which increases the attenuation. The results clarify, as expected, that oil contaminants are effectively detected in sandy soils, yet detection becomes infeasible in wet soils which is confirmed by all previous studies [19, 20] . Figure 11 demonstrates the consequence of increasing the depth (D) at which the pipe is buried from 40cm to 50cm on the coupling coefficient, |S 21 |, while as all other dimensions organized in Table   I are used. The results indicate that while the pipe burial depth increases, the coupling coefficient |S 21 | show a slightly decrease for both contaminated and uncontaminated soil. As the antenna to ground spacing increases, the antenna radiation pattern results in reduction of the received signal from the contaminated soil layer. This indicates that if the contaminated area is near to the surface of the ground, it becomes easier to be detected. The contaminated area most likely decreases the backscattered power by a considerable amount due to the increased attenuation. Hence, it is more challenging to detect deeper soil contamination. 
B. Effect of pipe burial depth

C. Effect of antenna spacing
The determination of spacing between the transmitting and receiving antennas (S) and the tilting (orientation) of the antennas are very critical as they control the direct coupling between the transmitting and receiving antennas In order to accomplish the best soil contamination detection, this direct coupling ought to be minimized. With the increase of the spacing between the two antennas, the direct coupling decreases. However, the received reflected signal from the contaminated soil likewise becomes weaker. The optimized spacing between the transmitter and receiver antennas is 50cm at which the direct coupling is minimized and meanwhile the received reflected signal from underground contaminated soil is significantly notable. Figure 12 illustrates the effect of increasing the direct coupling between the transmitting and receiving antennas by decreasing of antenna spacing (S) from 50 cm to 40 cm while keeping all other dimensions constant as in Table I . The comparison is presented over the entire range of frequency for the clean and contaminated soils as shown in the figure. The results indicate that as the antenna spacing increase, considerable increase occurs in |S 21 | at the resonance dips of soil models due to the decrease of the direct coupling between the two antennas. The present study discuss the validity and effectiveness of utilizing GPR as a tool for detecting soil contamination due to leakage of oil from underground oil pipelines. Supported by full-wave electromagnetic simulations, we have discussed analytical aspects and design considerations of a prototype model of a pipe filled with lubricant oil and buried in sandy soil. The model is used to evaluate electromagnetic measurements taken in contaminated soil due to oil pipeline leaks. Two identical horn antennas operating at L-band frequencies has been designed and exploited for bi-static GPR system. Based on this design, it is proved that there is a noticeable contrast in the reflected signal in the presence and absence of oil leaks. One finding in this work is that the performance of the GPR system is highly dependent on three parameters: soil moisture content, pipe burial depth, and the antennas configuration. The obtained results indicate that GPR system can be customized for detecting soil contamination.
The work described in this paper has enormous potential for further research. Some of future possibilities resulting from the current research include:
(1) Fabrication of the designed pyramidal horn antenna and measurement of its parameters then comparing the measured values with simulated parameters in this study. 
